Skeletal muscle wasting occurs in a great majority of cancer patients with advanced disease and is associated with a poor prognosis and decreased survival. Myostatin functions as a negative regulator of skeletal muscle mass and has recently become a therapeutic target for reducing the loss of skeletal muscle and strength associated with clinical myopathies. We generated neutralizing antibodies to myostatin to test their potential use as therapeutic agents to attenuate the skeletal muscle wasting due to cancer. We show that our neutralizing antimyostatin antibodies significantly increase body weight, skeletal muscle mass, and strength in non-tumor-bearing mice with a concomitant increase in mean myofiber area. The administration of these neutralizing antibodies in two preclinical models of cancer-induced muscle wasting (C26 colon adenocarcinoma and PC3 prostate carcinoma) resulted in a significant attenuation of the loss of muscle mass and strength with no effect on tumor growth. We also show that the skeletal muscle mass-and strength-preserving effect of the antibodies is not affected by the coadministration of gemcitabine, a common chemotherapeutic agent, in both non-tumor-bearing mice and mice bearing C26 tumors. In addition, we show that myostatin neutralization with these antibodies results in the preservation of skeletal muscle mass following reduced caloric intake, a common comorbidity associated with advanced cancer. Our findings support the use of neutralizing antimyostatin antibodies as potential therapeutics for cancer-induced muscle wasting.
Introduction
Cancer cachexia is a multifactorial syndrome defined by an ongoing loss of skeletal muscle mass (with or without loss of fat mass) that cannot be fully reversed by conventional nutritional support and leads to progressive functional impairment (1) . Cancer cachexia occurs in 60% to 80% of all patients with advanced cancer and more than 30% of these patients die due to cachexia (2) . The presence of cachexia and the associated muscle weakness in these patients reduces the ability to perform activities of daily living and diminishes quality of life. There are no approved drugs for this condition and current therapies are aimed at stimulating appetite or supplementing nutrients in an effort to prevent intake deficits and stabilize weight loss (3) . Recent advances in cachexia research have identified several new promising drug targets, including myostatin, a member of the TGFb superfamily of growth factors highly expressed in skeletal muscle (4) . Myostatin was identified as a negative regulator of skeletal muscle mass from the muscle hyperplastic phenotype of naturally occurring hypomorphs and knockout mice (5) (6) (7) . Furthermore, studies in adult mice demonstrated that reduction or overexpression of myostatin leads to skeletal muscle hypertrophy and atrophy, respectively (8, 9) .
Myostatin levels and pathway activation are increased in muscles undergoing atrophy in preclinical models of cancer cachexia (10) as well as in muscles of cancer patients (11) . In addition, antisense RNA administration has resulted in less skeletal muscle loss in a preclinical model of cancer cachexia (12) . Although antibody-mediated myostatin inhibition has been shown to reduce skeletal muscle loss in several noncancer preclinical models of muscle wasting (13) (14) (15) , only one previous report describes inhibition in a model of cancer cachexia (16) . We report here the preclinical characterization of LSN2478185, a myostatin neutralizing mouse IgG1 monoclonal antibody and its derivative LY2495655, a humanized neutralizing monoclonal antibody to myostatin that can significantly attenuate loss of skeletal muscle mass and function associated with tumor burden. In addition, we present data on the effect of antibody-mediated myostatin neutralization in the context of both chemotherapy and reduced caloric intake, which are two factors that can contribute to the development of muscle wasting in cancer patients.
Materials and Methods

Recombinant myostatin protein and antibodies
Recombinant human myostatin was either purchased commercially (R&D Systems) or produced in Chinese Hamster Ovary (CHO) cells in a manner similar to previously described methods for the homologous protein TGFb (17) . CHO cells (Lonza; obtained 2004) were passaged and stored frozen in aliquots until needed. Total passage time was less than 6 months. LY2495655 is a humanized IgG4 myostatin antibody derived from LSN2478185, which is a mouse IgG1 antibody. Control IgG antibodies were isotype matched IgG1 or IgG4 with known antigen binding generated within Eli Lilly and Company. Antibodies were stored at 4 C and diluted with 1Â PBS pH 7.4 (Invitrogen, Gibco) before injection.
Binding affinity measurements
Myostatin binding affinity measurements were performed using a KinExa 3000 instrument (Sapidyne Instruments; ref. 18 ). Purified myostatin was immobilized via free amine groups to NHS-activated Sepharose 4 Fast Flow beads (GE Healthcare) at a level of 50 mg/mL of packed beads. Equilibrium binding affinity experiments were performed using 24 analytical cycles, consisting of 12 duplicates. Each cycle was performed at a flow rate of 250 mL/minute during sample injection. A CY5-labeled, rabbit antimouse F(ab 0 ) 2 (Jackson ImmunoResearch) and a CY5-labeled goat anti-human Fcg (Jackson ImmunoResearch) were used for detection of LSN2478185 and LY2495655, respectively. Concentrations of antibodies ranged from 1 to 20 pmol/L and myostatin concentrations ranged from 0.98 pmol/L to 2 nmol/L. For all experiments, antibody/myostatin mixtures were prepared in the sample buffer and incubated for 4 to 30 hours before measurements. Resulting data were fit to a simple 1:1 binding model using the KinExa instrument software to determine both the binding affinity (K d ) and active antibody concentration. Since mouse and human mature myostatin have identical amino acid sequences, the affinities of the antibodies to mouse myostatin are identical to those for human myostatin.
In vitro cell-based assay
A plasmid containing the SMAD binding element (SBE) repeat (19) driving expression of a luciferase reporter was constructed by cloning of a synthesized SBE repeat sequence (GeneArt, Life Technologies, Inc.) into the NheI-HindIII sites of the pGL3-basic vector (Promega Biotec). HEK-293 cells (ATCC; obtained [2003] [2004] were passaged and stored frozen in aliquots until needed. Total passage time was less than 6 months. Cells were maintained in DMEM (Life Technologies) with 10% FBS and antibiotics (Life Technologies). HEK-293 cells were seeded into interior 60 wells of 96-well PDL plates (BioCoat) at 25,000 cells/well. After overnight attachment, the cells were transfected with the reporter construct using Lipofectamine 2000 (Invitrogen) transfection reagent and Opti-MEM medium (Life Technologies) according to manufacturer instructions. After 16 to 20 hours, cells were treated with 50 mL/ well of DMEM þ 5% dialyzed FBS containing no antibody, a dose range of 0.02-20 mg/mL LSN2478185 or LY2495655, or control IgG antibody. Myostatin protein was added at 2 nmol/L in DMEM þ 5% dialyzed FBS, 50 mL/well for a final concentration of 1 nmol/L myostatin and 0.01-10 mg/mL antibody and incubated for 24 hours and then the treatment medium was aspirated. Glo Lysis Buffer (Promega) was added at 75 mL/well, and the plates were stored at À20 C until the time of assay. The plates were thawed at room temperature in a plate shaker for 30 to 60 minutes, 70 mL lysate from each well was combined with 70 mL of Bright Glo Substrate (Promega) in opaque white plates, and light units were measured in a luminometer (Victor). Data were analyzed and graphed with Prism GraphPad software.
Care and use of laboratory animals
All animal studies were conducted in accordance with the American Association for Laboratory Animal Care institutional guidelines. All in vivo experimental protocols were approved by the Eli Lilly and Company animal care and use committee.
Pharmacokinetic analysis
Pharmacokinetic analyses for LY2495655 were conducted in female CB17 SCID mice (17-19 grams; Harlan) after a single subcutaneous dose of 1 or 5 mg/kg. Blood samples were collected via cardiac puncture from two animals per treatment group/time point at 6, 12, 24, 48, 72, 120, 168, 240, and 336 hours after administration. Blood (approximately 1 mL) was allowed to clot at room temperature. Serum was prepared by centrifugation and stored frozen at À80 C until assayed. Concentrations of LY2495655 in mouse serum were determined using an antigen capture ELISA assay. Each well of an Immulon 4 microtiter plate (Thermo Fisher Scientific) was coated with myostatin protein (100 mL of 1 mg/mL solution) at 4 C overnight. After washing and blocking (PBS/Casein), standards and samples in 100% serum were added to the wells in a volume of 0.1 mL and were incubated for 1 hour at room temperature. After washing, the bound antibodies were detected with 0.1 mL of a 1:5,000 dilution of HRP-conjugated mouse anti-human light-chain antibody (Southern Biotechnology Associates) and incubated for 1 hour. Samples were developed using the TMB peroxidase substrate system (KPL), detection wavelengths 450 to 630 nm. All incubation steps were performed at room temperature unless noted otherwise. Wash solution was PBS (pH 7.4) and blocking solution was PBS/1%casein. The LY2495655 standards were prepared in mouse serum using a standard curve range of 1.56 to 100 ng/mL and the lower limit of quantitation was defined as 4 ng/mL. Pharmacokinetic parameters were calculated using the WinNonlin Professional software package (version 3.2; Pharsight). Serum concentration-time data were calculated using a model-independent approach based on the statistical moment theory. The pharmacokinetic parameters are presented as a mean across two mouse studies. A pharmacokinetic study of LSN2478185 was conducted in male CD-1 mice (18-20 g ) at a single subcutaneous dose of 1 mg/kg following the same protocol (animal number, sample collection, time points) as described for LY2495655. The analytical method was the same as described with the exception that captured antibody was detected with a HRP-conjugated goat anti-mouse IgG (Southern Biotechnology Associates).
Animal experimentation and tumor models
Female or male CB17 SCID mice (17-19 grams) were purchased from Harlan or Taconic. Female BALB/c mice (18-20 g ) and male BALB/c mice (23-25 g) were purchased from Harlan. Antibodies were injected subcutaneously in a volume of 0.5 mL.
Body composition data were acquired using quantitative NMR (qNMR) with a Bruker MQ10 NMR Analyzer. Grip strength measurements (in Newtons) were acquired with a digital Grip Strength Meter (Columbus Instruments Model 0167-004L). Four-limb measurements were acquired in the tension peak (C PEAK) mode. The average of 3 readings was recorded. Wet muscle weights were normalized to either brain weight or body weight or recorded directly as muscle weights in mg.
Two milligrams gemcitabine was dosed intraperitoneally in 0.5 mL PBS (Gibco BRL). For a 20 g mouse, this dose of gemcitabine is 333 mg/m 2 and approximates the human dose of 1,000 mg/m 2 /week when given three times a week (20) . Serum was analyzed for creatinine kinase on a Roche Hitachi Modular Analytics P analyzer with the appropriate reagents by Roche.
In caloric restriction experiments, male BALB/c mice were fed ad libitum and food consumption was determined for each mouse. Mice were then randomized into 4 groups by body weight and 2 groups were assigned to an ad libitum normal diet. The other two groups were assigned to a restriction of 90% of the ad libitum food intake measured from the previous week. Once food restricted animals had lost about 3% to 5% of their initial body weight, both groups were randomized by body weight into equivalent groups for dosing.
Tumor-induced muscle wasting models included murine colon 26 adenocarcinoma (C26) and human prostate tumor PC3 cells. Cells (ATCC; C26 obtained March 2005; PC3 obtained July 2005) were passaged and stored frozen in aliquots until needed. Total passage time was less than 6 months. Cells were grown in DMEM F12 media supplemented with 10% FBS and 1% penicillin/streptomycin (Invitrogen). One or 2 million C26 or 5 million PC3 tumor cells were injected subcutaneously in 0.2 mL PBS in the right flank of female or male SCID mice, respectively. Tumor growth was monitored with electronic calipers by measuring both the length and width of tumors and data. Tumor volume was calculated by the formula:
2 )/2. C26 tumors and PC3 cells did not express detectable myostatin RNA (unpublished observations).
Morphometric analysis of muscle
The gastrocnemius (10/group) was collected in 10% neutral buffered formalin and trimmed to obtain sections in three sites: proximal, in the middle of the muscle and distal in an orientation to obtain cross sections of the myofibers. The tissues were embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). Images of the stained sections were collected with an Aperio ScanScope and the image files were processed in Image Pro Plus to collect myofiber crosssection area (CSA; a freehand drawn polygon best fitting the fiber cross-sectional shape) in pixels. Myofibers were selected for measurement by an area-weighted random sampling scheme. Six to 23 myofibers per muscle section per animal (three sections per animal) were analyzed for each treatment group. Each outcome was compared across treatment groups by a mixed model ANOVA with treatment group as a fixed effect, and animal, section, and fiber as random effects. As the results met an O'Brien-Fleming (P < 0.005) and Bonferroni (P < 0.025) interim analysis cutoff, no further sampling was undertaken. All analysis was conducted in JMP version 5.1 software.
Statistical analysis
Data were analyzed statistically by ANOVA or ANCOVA analysis and a Student unpaired t test with JMP 5.1.1 software (SAS institute). Statistical outliers were removed if detected and data were log transformed for analysis. A P value of < 0.05 was considered statistically significant. S1 ).
Results
LSN2478185
Pharmacokinetic properties of LSN2478185 and LY2495655 in mice
Antibody pharmacokinetic profiles were determined following a single subcutaneous dose of LSN2478185 at 1 mg/kg in female CD-1 mice or 1 and 5 mg/kg of LY2495655 in SCID mice (Table 1 ). LSN2478185 and LY2495655 reached maximal plasma concentrations at 12 hours and 24 to 48 hours postdose, respectively. After reaching maximal concentrations, LSN2478185 and LY2495655 cleared with a t 1/2 of 1.4 days and 4 to 6 days, respectively, supporting once a week administration in the preclinical mouse models.
LSN2478185 dose dependently promotes increased skeletal muscle mass and strength in non-tumor-bearing mice LSN2478185 or a control IgG was administered at 10 mg/kg as a single dose or as two weekly doses to female BALB/c mice. Both treatment paradigms were able to significantly increase body weight after one week (Fig. 1A) and qNMR lean mass (Fig. 1B) as well as quadriceps weight (Fig. 1C ) by 2 weeks relative to the control IgG group. Grip strength was increased only when two weekly doses were given ( Fig. 1D ; P < 0.005), so weekly dosing was used in future experiments.
To examine the dose responsiveness of LSN2478185 on muscle mass over a monthly period, the antibody was administered at doses of 1, 2.5, and 5 mg/kg/wk to female BALB/c mice. The 2.5 and 5 mg/kg dose levels significantly increased body weight ( Fig. 2A ; P < 0.001) and qNMR lean mass ( Fig. 2B ; P < 0.001) relative to the control IgG or the 1 mg/kg dose, and significantly increased quadriceps muscle weight relative to the control IgG ( Fig. 2C ; P < 0.01 and < 0.001, respectively). Serum LSN2478185 levels ( Fig. 2D ) were significantly correlated with quadriceps weight (r ¼ 0.7; P < 0.001; Fig. 2E ).
LSN2478185 builds muscle mass in the presence of gemcitabine As antimyostatin antibody therapy for cancer-associated muscle wasting might be used concurrently with chemotherapy, we examined the pharmacodynamic activity of LSN2478185 in the presence of gemcitabine. The effects of gemcitabine on C26 tumor growth in mice have already been characterized (20) and gemcitabine is used in pancreatic cancer patients which show muscle wasting in advanced stages (21) . Female BALB/c mice were given vehicle or gemcitabine on days 0, 3, 6, 9, and 12. A control IgG or LSN2478185 was administered at 10 mg/kg/wk beginning on day 0 and the experiment was terminated after 3 weeks. Gemcitabine treatment resulted in decreased food consumption only in the control antibody group after the first week ( Supplementary Fig. S2A ). As expected, LSN2478185 significantly increased body weight (Supplementary Fig. S2B ; P < 0.05) and gastrocnemius and quadriceps weight relative to the control IgG in the absence of gemcitabine (Supplementary Fig. S2C ; P < 0.005 and <0.0005, respectively). Addition of gemcitabine did not significantly affect any of the muscle parameters relative to the LSN2478185 treatment or control IgG group, although there was an insignificant decrease in body weight as early as 3 days after administration that recovered by day 20 in the IgG control group ( Supplementary   Fig. S2B ). Neutrophil counts were significantly lower relative to the vehicle groups in both gemcitabine-treated groups at day 13 (Supplementary Fig. S2D ; P < 0.005). The lack of remarkable findings in a histopathologic assessment of the gastrocnemius muscle as well as the lack of any significant differences in serum creatinine kinase between the groups (data not shown) suggested no muscle damage was incurred by antibody treatment.
LSN2478185 preserves skeletal muscle mass under conditions of reduced caloric intake
A common side effect of standard chemotherapy for cancer patients is appetite suppression resulting in reduced caloric intake, which is a concern in the primary care of these patients. Caloric restriction has been shown to induce the loss of skeletal muscle tissue in elderly men and women (22) . To determine whether LSN2478185 could attenuate the loss of skeletal muscle and strength under conditions of reduced caloric intake, male BALB/c mice were either fed ad libitum or placed on caloric restriction until weight loss was evident and then treated with antibodies. Body weights for animals fed ad libitum (n ¼ 20) progressively increased, gaining about 6% of their original body weight on average over a 3-week period from the start of the study (Supplementary Fig. S3A ). Over the same period of time, animals placed on the caloric restricted diet (n ¼ 20) lost 2% to 5% of their initial body weight (Supplementary Fig. S3A ). At this time, animals from both groups were randomized into 2 equivalent groups (10/group) by body weight and dosing with antibodies was initiated. Treatment of the ad libitum fed group with LSN2478185 resulted in a trend for increased body weight relative to the control IgG ad libitum group that reached significance by the end of the study with 10.7% greater body weight than the control IgG group (Supplementary Fig. S3A ; P < 0.05). Animals on the caloric restricted diet continued to lose body weight over the next 4 weeks, with no significant difference between the control IgG and LSN2478185-treated groups (Supplementary Fig. S3A ). Animals on an ad libitum diet treated with LSN2478185 had no effect on whole body fat mass compared with the control IgG group (Supplementary Fig. S3B ) but showed significant increases in qNMR lean mass (Supplementary Fig. S3C ; P < 0.005) as well as gastrocnemius and quadriceps muscle weights compared with the IgG control group (Supplementary Fig. S3D ; P < 0.01 and <0.0001, respectively). Animals on the caloric restricted diet treated with the IgG control exhibited significantly less qNMR lean mass (Supplementary Fig. S3C ; P < 0.0001) as well as less gastrocnemius and quadriceps wet muscle weights (Supplementary Fig. S3D ; P < 0.0001) compared with the IgG control ad libitum group. The IgG control mice on the caloric restricted diet did not lose fat mass relative to the ad libitum fed control mice ( Supplementary Fig. S3B ), suggesting that the majority of the weight loss was due to a loss in lean mass. In comparing the 2 groups on the caloric restricted diet, animals treated with LSN2478185 had significantly less whole body fat mass (Supplementary Fig. S3B ; P < 0.05) and significantly greater normalized gastrocnemius and quadriceps muscle weights relative to the control IgG group (Supplementary Fig. S3E ; P < 0.05 and <0.0001, respectively).
LY2495655 builds muscle mass and strength in na€ ve SCID mice with accompanying muscle fiber hypertrophy and prevents the loss of muscle mass and strength in the C26 tumor model As LY2495655 is a humanized version of the LSN2478185 antibody and would be the antibody used in clinical testing, we then moved to examining effects of LY2495655 in mouse models. LY2495655 was first tested in female SCID mice as these mice would be used for tumor studies. LY2495655 significantly increased body weight (Fig. 3A) , qNMR lean mass (Fig. 3B) , individual muscle weights (Fig. 3C) , and grip strength (Fig. 3D) relative to an isotype control antibody. Gastrocnemius weights were 10%, 16.5%, and 18% higher on average for the 2, 5, and 10 mg/kg LY2495655 groups, respectively, relative to the control IgG group. Similar results were observed for the quadriceps muscle. The increases in muscle mass were also accompanied by significant increases in grip strength for the 5 and 10 mg/kg groups, which were 8.3% and 7.6% higher than the control IgG group, respectively (P < 0.005 and P < 0.05).
To determine the ability of LY2495655 to attenuate skeletal muscle wasting associated with cancer, we used the C26 tumor model of muscle wasting that has been shown to secrete myostatin protein (23) . We tested the antibody at 10 mg/kg/wk in female SCID mice with initiation of treatment at 6 days after tumor cell injection. Non-tumor-bearing animals were included as controls. C26 tumors grew progressively over time irrespective of treatment (Fig. 4A) . Tumor growth in mice that received the control IgG resulted in a significant loss of net body weight (equivalent to body weight minus tumor weight; Fig.  4B ; P < 0.05), wasting of individual muscles ( Fig. 4C ; P < 0.05) and reduction of grip strength compared with non-tumorbearing mice ( Fig. 4D ; P < 0.0001). There were two deaths in the control IgG tumor group during the experiment. There was no significant effect of LY2495655 treatment on net body weight in tumor-bearing animals compared with the control IgG tumor group (Fig. 4B) . However, LY2495655 treatment preserved individual muscle weights ( Fig. 4C ; P < 0.05) and grip strength ( Fig. 4D ; P < 0.05) relative to the control IgG tumor group.
In tumor-bearing mice receiving the control antibody, a statistically significant decrease of 23% in myofiber CSA occurred compared with non-tumor-bearing animals ( Fig. 4E ; P < 0.005), while there was a 7% nonsignificant increase in myofiber CSA in tumor-bearing animals receiving LY2495655 versus those receiving a control IgG (Fig. 4E) . Consistent with earlier results, LY2495655 treatment in non-tumor-bearing animals resulted in significant increases in body weight, gastrocnemius weight, and quadriceps weight ( Fig. 4B and C ; P < 0.005). These mice also exhibited a statistically significant 18% increase of myofiber CSA compared with nontumor animals that were given the control antibody ( Fig. 4E , P ¼ 0.012), confirming a myofiber hypertrophy effect with LY2495655 treatment.
LY2495655 builds muscle mass in the presence of gemcitabine in both non-tumor-bearing and C26 tumor-bearing mice
We next tested the ability of LY2495655 to attenuate muscle loss and strength in the presence of gemcitabine in the C26 tumor model. Non-tumor-bearing and tumor-bearing female SCID mice were treated with either a control IgG or LY2495655 at 10 mg/kg/wk. Gemcitabine was administered on days 9 and 12 after tumor cell inoculation when tumors were well established and the study was terminated at 14 days after tumor cell inoculation. There were no differences between the groups for tumor growth (Fig. 5A) . Food consumption measured during the last week of the study was decreased on a per mouse basis in both tumor-bearing groups relative to the non-tumor-bearing group, whereas the LY2495655-treated tumor group consumed more food than the control IgG tumor group (Fig. 5B) . At the time of gemcitabine initiation, only the tumor-bearing control IgG animals showed weight loss from baseline (Fig. 5C ). Gemcitabine treatment prevented further tumor growth in both treatment arms (Fig. 5A ), yet did not result in complete tumor regression. Even though tumor growth had stopped from day 9 to 14 after tumor cell injection, net body weight loss continued in both tumor groups albeit significantly less in the LY2495655-treated group ( Fig. 5C ; P < 0.05). Analysis of muscle and grip strength in the tumor-bearing treatment groups indicated that LY2495655 treatment resulted in significantly greater grip strength ( Fig. 5E ; P < 0.05) and muscle mass, measured either by qNMR ( Fig. 5D ; P < 0.005) or from normalized muscle weights for quadriceps and diaphragm (SupplementaryFig. S4A and S4B; P < 0.0001 and 0.0005, respectively). The nontumor group treated with LY2495655 showed significant increases in normalized quadriceps and diaphragm muscle weights (SupplementaryFig. S4B; P < 0.001 and 0.05, respectively). There were also increases in body weight (Fig. 5C ), qNMR lean mass (Fig. 5D) , and grip strength (Fig. 5E ). There was no significant effect of LY2495655 on heart weight in either nontumor or tumor groups (Supplementary Fig. S4C ).
LY2495655 administration attenuates the loss of body weight, muscle mass, and strength in the PC3 tumor model LY2495655 was tested in a PC3 tumor xenograft model that has much slower onset and kinetics of body weight loss Fig. S5A ) that resulted in a significant loss of body weight (Supplementary Fig. S5B ; P < 0.05), qNMR lean mass (Supplementary Fig. S5C ; P < 0.0001), and grip strength (Supplementary Fig. S5D ; P < 0.0001) compared to nontumor-bearing SCID mice. There was a significant association of grip strength with qNMR lean mass (Supplementary Fig. S5E ; P < 0.001).
LY2495655 or a control IgG was initiated one day after PC3 tumor cell inoculation into male SCID mice and dosed at 10 mg/kg/wk to day 52 (n ¼ 14/group). All mice survived to the endpoint of 52 days. Tumors grew progressively in both groups with no difference between the 2 groups (Fig. 6A) . In tumorbearing animals, body weight loss was apparent in the control IgG tumor group by day 24 relative to the nontumor control IgG group and became progressively greater with time (Fig. 6B) . Treatment of tumor-bearing animals with LY2495655 resulted in significantly less body weight loss relative to the tumor control group at day 52 ( Fig. 6B ; P < 0.0001). While the tumor control group exhibited significant wasting of diaphragm, gastrocnemius, and quadriceps muscles relative to the control no tumor group ( Fig. 6C ; P < 0.0001), treatment with LY2495655 resulted in significant attenuation of muscle wasting as all muscle weights were not significantly different from the control nontumor group and were significantly greater than the control tumor group ( Fig. 6C ; P < 0.0001). The muscle weights were normalized to brain weight and brain weights were not different between groups (Supplementary Fig. S6A ). Normalized muscle weights in the LY2495655 tumor group were also significantly greater than those in the tumor-bearing control group (Supplementary Fig. S6B ; P < 0.0001). In tumor-bearing animals, the increase in muscle weights seen with LY2495655 treatment resulted in a concomitant significant increase in grip strength compared with the control tumor group (Fig. 6D P < 0.005) while grip strength in the control tumor group was significantly less than the nontumor group ( Fig. 6D ; P < 0.0001). Consistent with previous experiments, treatment with LY2495655 in non-tumor-bearing mice resulted in significant increases in muscle weights relative to the control IgG group ( Fig. 6C ; P < 0.005) and also in normalized muscle weights (Supplementary Fig. S6B ; P < 0.0001).
Discussion
There are currently no approved drugs to treat skeletal muscle wasting associated with cancer cachexia and this condition represents a significant unmet medical need as it contributes to the morbidity and mortality of cancer patients. Myostatin has emerged as a rational drug target to inhibit the muscle wasting that occurs with chronic illnesses, including cancer. We report here the preclinical characterization of a humanized antibody with high affinity for myostatin that is currently under clinical evaluation for muscle wasting associated with cancer and other disorders (24, 25) . LY2495655 was able to rapidly increase not only body weight and skeletal muscle mass, but also muscle strength in na€ ve young adult mice in a dose-dependent manner, consistent with previous reports of myostatin antibodies (8, 14) . The observed increase in skeletal muscle fiber hypertrophy and the lack of effect on heart weight with LY2495655 treatment in mice are also consistent with previous reports (8, 26) . LY2495655 antibody was shown to prevent the loss of skeletal muscle mass in two models of cancer-induced skeletal muscle wasting. While the LY2495655 antibody was unable to prevent body weight loss in the C26 model, the treatment did significantly preserve muscle mass and even increased diaphragm weight. This observation is important as the wasting of the respiratory muscles is believed to contribute to the poor prognosis of advanced pancreatic cancer patients with greater than 15% loss of body weight (27) . In contrast, LY2495655 treatment in the PC3 model was able to significantly promote body weight gain, and promoted significant increases in skeletal muscle mass. Importantly, in both models, LY2495655 treatment was able to prevent the loss of muscle strength that was associated with muscle wasting. This is important as the loss of muscle strength in cancer cachexia patients is known to significantly contribute not only to the morbidity and mortality of the condition, but also to the quality of life for these patients (28) . Our data are also consistent with results from a recent study in which a myostatin antibody was shown to prevent the loss of muscle mass and strength in a Lewis Lung carcinoma tumor model (16) .
Cancer patients are often treated with chemotherapy as part of their standard of care. Skeletal muscle atrophy has been associated with increased toxicity to chemotherapeutic agents (27) (28) (29) . As the intent of chemotherapy is to kill proliferating cells, there was a possibility that the effects of a myostatin antibody might be compromised by chemotherapy and that coadministration of both agents in a cancer setting might not be feasible. The results reported in this study show convincingly for the first time that the effects of a myostatin antibody on muscle mass are unaffected by coadministration of a chemotherapeutic agent with or without tumor. Recent mechanistic studies of myostatin inhibition in vitro and in vivo have diminished the importance of satellite cell activation and proliferation and highlighted the contribution of an activation of muscle fiber protein synthesis to induction of muscle hypertrophy (30) (31) (32) (33) , consistent with our results. An ongoing clinical study with LY2495655 in pancreatic cancer patients in the presence of chemotherapeutic agents will determine whether this finding translates to man (25) .
Of note, gemcitabine induced a food intake deficit and body weight loss during the first week in nontumor animals as nausea, appetite loss and body weight loss are noted as potential side effects of this drug and many other chemotherapy drugs in cancer patients. Surprisingly, this side effect was not observed in the LSN2478185 plus gemcitabine-treated animals. The mechanism behind this effect is unclear. Reduced caloric intake is another key component of cancer cachexia and opposing this is part of the current strategy to treat cachexia in cancer patients through administration of appetite stimulants and nutritional support (34) . Myostatin expression has been shown to increase in specific muscles and contribute to muscle atrophy during food deprivation in mice (35) . While LSN2478185 treatment under reduced caloric intake was unable to prevent the loss of body weight and whole body muscle mass, the antibody treatment was able to significantly attenuate the loss of muscle mass relative to body weight compared with the control antibody. These data demonstrate the importance of providing necessary food intake in building muscle mass with myostatin inhibition and show that even in conditions where body weight is not affected by myostatin antibody treatment, myostatin inhibition in muscle may have positive effects on whole body lean mass.
In conclusion, our preclinical data reported here from two different models of tumor induced skeletal muscle wasting with a myostatin neutralizing antibody are consistent with the hypothesis that myostatin plays a prominent role in the skeletal muscle wasting associated with cancer and supports the clinical testing of LY2495655 in patients with cancer-associated muscle wasting. 
